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INTRODUCTION 
Studies of plant-water relations in the field are often limited by 
insufficient control of moisture in the root zone. Soil moisture in the 
root zone varies with time, and frequently with such rapidity that a 
detailed study at a given moisture level is impossible. 
Attempts to control soil moisture at a given level have not been suc­
cessful except where very high water tables have been maintained. There 
are at least two inherent difficulties: the problem of adding moisture 
uniformly throughout the root zone without disturbing either plants or 
soil, and the problem of preventing soils at a given moisture level from 
changing under the conditions that are required for plant growth. 
The most common technique used to circumvent these problems has been 
the use of solutes added to a nutrient culture to create osmotic tensions. 
An ideal osmoticum for these purposes should have the following character­
istics: complete miscibility or solubility in water, not absorbed by 
plant roots, inert to plant metabolism, and resistant to chemical and 
biological activity in the nutrient solution. In the search for such a 
substance many compounds have been tried but the results have often led 
to varied and inconsistent conclusions. 
This study reports the comparison of eight common osmoticums. The 
osmotic pressures were determined cryoscopically, and the effects of each 
substance on germination and growth of radish, and the growth of soybeans 
were studied. In addition, the effects of moisture stresses produced by 
osmoticums were compared to stresses of similar magnitude in soils. 
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REVIEW OF PERTINENT LITERATURE 
Effects of Moisture Tension 
Germination 
It is self evident that crop yields can be severely limited by 
poor initial stand. In this regard it has also become increasingly 
clear that seed germination, which is essential to a good stand, is 
affected less by moisture stress than is the subsequent growth (Blair 
et al., 1950; Davis, 1940). Doneen, and MacGillivray (1943) found that 
vegetable seeds would germinate over a range of soil moisture conditions 
from field capacity to the permanent wilting point. Peters (1920) reported 
that crop seeds would germinate in soil which had a moisture content at 
or below the permanent wilting point of plants grown in the same soil. 
Hunter and Erickson (1952) and Stiles (1948) report that they found 
differences between species in the ability to germinate at suboptimal 
moisture levels, while Helmerick and Pfeifer (1954), and Powell and 
Pfeifer (1956) found that there were not only differential responses to 
moisture between species, but also differences between varieties. 
Dotzenko and Haus (1960) noted similar differences between alfalfa 
varieties and stated that the ability to germinate under conditions of high 
moisture stress appears to be heritable and is therefore a means of selec­
tion of strains which would be better adapted for production in dry areas. 
Knipe and Herbel (1960) also reported that range plants which exhibited 
the ability to germinate under conditions of high moisture tension seemed 
best adapted to areas where moisture is limiting. 
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Shull (1916) indicated that air dry seeds were in equilibrium with 
air dry soil at a tension of approximately 1,000 atmospheres. He demon­
strated, also, that if the soil were moistened slightly the seed would 
absorb moisture until it was again in equilibrium with the soil. That 
this response could prove detrimental to stand establishment, was demon­
strated by Hunter and Erickson (1952). They showed that when seeds 
absorb water under these conditions and become hydrated but do not obtain 
enough moisture to germinate, or if germinated to continue growth, they 
are usually soon destroyed by fungi. Uhvits (1946) reported that hydra­
tion of seeds decreased as the solute concentration of the substrate 
increased. 
Ayers and Hayward (1949) reported that for the several crop species 
tested, higher osmotic concentrations resulted in a slower rate of germina­
tion and in a lower total germination percentage. On the other hand, 
Knipe and Herbel (1960) found that, for many species of range plants, time 
taken to germinate was not greatly increased by increased osmotic concen­
tration, but agreed that total germination could be reduced significantly. 
Wiggans and Gardner (1959) stated that 10 atmosphere solutions of sucrose, 
glucose, or mannitol greatly reduced, or inhibited, germination of radish 
seed. 
Growth 
As indicated above, germination can often occur under conditions 
which will not support subsequent growth. When reporting growth it is 
usually not sufficiently specified what measurements were used. Since 
all forms of growth result from intricate combinations of many 
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physiological processes it is hardly to be expected that all should be 
equally affected by moisture stress (Hagan et al., 1959). Thimann (1954) 
has emphasized that "Growth, or at least increase in size, is largely a 
result of the uptake of water." One of the common effects of osmoticums, 
either naturally occurring as salts in soil or artificially added, is to 
decrease the rate at which water may be taken into the plant. This rate 
would then tend to limit any increase in size of the plant (Ayers, 1952; 
and, Ayers and Hayward, 1949). These workers state further that a second 
effect of osmoticums may be to cause the uptake of ions in sufficient 
quantity to be toxic to the plant. This toxicity may also limit growth 
but this limitation should not be confused with moisture effects. 
It has been shown by Gingrich and Russell (1956) that increase in 
size, fresh weight, dry weight, and hydration all decrease with increased 
moisture tension. West (1962) also, found that moisture stress resulted 
in decreases of both fresh weight and dry weight of corn seedlings. 
Ruf et al. (1963) reported a decrease in total dry matter with in­
creased moisture tension and suggested that shoot growth is more seriously 
affected than root growth. Other workers have reported that retardation 
of growth is essentially linear with increases in osmotic pressure (Fireman 
and Hayward, 1955). 
There is good evidence that growth, as measured by stem elongation, 
is effected to such a degree that it drops to zero before the utilization 
of the last one fourth of available moisture (Blair et al., 1950). Hagan 
et al. (1957) reported that petiole elongation stopped during daylight 
hours and became increasingly less at night as soil moisture neared the 
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wilting point. They also reported that this was not always true with 
plant processes such as reproduction. Russell (1959) stated that vegeta­
tive production was more responsive to moisture differences than was the 
production of reproductive parts or storage products. Work with straw­
berries has shown that decreased yields with decreased soil moisture were 
due primarily to decreased size of fruits rather than decreased number 
(Canne11 et al., 1962). 
Measuring Osmotic Pressure 
Ideal gas law 
Many techniques have been used to determine the osmotic pressure of 
experimental solutions used in moisture studies, and it may well be that 
this accounts for some of the disagreement among results. One of the 
most common methods for preparing solutions which exhibit known osmotic 
pressures is to use the following equation, derived from the ideal gas 
law: 
g = ZY™ (Knipe and Herbel, 1960; and Wiggans and Gardner, 
RT 1959) 
This method is, of course, unsatisfactory for use when preparing solutions 
of electrolytes (Brey, 1958). 
Freezing point 
Calculation of the osmotic pressure of solutions from freezing point 
depression data has been used with success to prepare solutions of both 
electrolytes and nonelectrolytes (Uhvits, 1946; and Woolley, 1963). While 
this method is reasonably satisfactory for most materials, there is some 
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question of its reliability when used to measure the osmotic potential 
of the polyethylene glycols (products of Union Carbide Corporation with 
the registered trade name Carbowax). It has been observed that these 
materials, especially those with large average molecular weights, do not 
appear to obey Van't Hoff's law (Applegate, 1960). Couper and Eley (1948) 
report that a comparison of freezing point and chemical end-group methods 
of determining the molecular weights of the polyethylene glycols were in 
good agreement at the lower but not at the higher molecular weights. They 
suggest that other data indicate that there are some extremely large 
molecules in carbowax solutions with large average molecular weights. A 
I 
few of these molecules would markedly affect freezing point determinations 
while hardly affecting the chemical end-group method. Lagerwerff et al. 
(1961) also, postulate that the presence of abnormally large molecules 
could explain the departures from Van't Hoff's law which have been noted. 
Percentage 
In view of the fact that it is difficult to obtain reliable deter­
minations of the molecular weights for the various carbowaxes, the con­
centrations of the solutions have sometimes been reported as grams of 
solute per 100 ml of solution, i.e., percentage on a weight to volume 
basis (Jackson, 1962). 
Vapor pressure 
Another technique for determining the actual osmotic pressure of 
a solution is that reported by Lagerwerff and Eagle (1961) in which they 
used a thermocouple psychrometer to measure the vapor pressure of a high 
7 
molecular weight polyethylene glycol, Carbowax 20,000. They reported that 
osmotic pressure measurements taken by this method were 20 to 40 percent 
lower than those which were determined cryoscopically. They suggest that 
some large molecules participating in a solvation process would explain 
why aqueous solutions of carbowax do not observe Van't Hoff's law. 
Plant-Osmoticum Interactions 
Uptake 
In the selection of an osmoticum to control moisture tension in 
plant-moisture studies, a major factor to consider is whether or not it 
is subject to uptake by the plant (Lagerwerff et al., 1961). It is well 
known that sucrose and glucose are taken up by plant roots (Slatyer, 1961; 
Slatyer, 1962). Mannitol has been widely used as an osmoticum In moisture 
studies, since it has been considered by many to be resistant to uptake 
by the plant (Thimann, 1954; West, 1962). Recent work has demonstrated, 
however, that while it is not taken up as rapidly nor to the same extent 
as the sugars and salts, it is absorbed by plants (Groenewegan and Mills, 
1960; Slatyer, 1961; Slatyer, 1962; Wallace et al. 1962). Although 
Groenewegan and Mills (1960) suggest that mannitol is not a suitable 
osmoticum for use over an extended period of time, it would still appear 
to be one of the better of the materials in current use as far as resist­
ance to uptake by plants is concerned. 
It is commonly conceded that the salts that are often used as 
osmoticums (NaCl, CaClg, KNO3, etc.) are taken up by the plant both 
rapidly and in large amounts (Slatyer, 1961; Lagerwerff and Eagle, 1961). 
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Many compounds with high molecular weights have been preferred as 
osmoticums since it is generally supposed that they are not as easily 
absorbed by the plant as those having lower molecular weights (Winter, 
1961). Winter, however, states, "Definite pronouncements about the maximal 
molecular size or the factors which determine the uptake of organic sub­
stances through the roots cannot be made." Collander (1954) considered 
that permeability of cells is primarily a function of lipid solubility 
and that molecular size is of secondary significance. Dean and Moore 
(1947) suggested that the chemical nature of the material has no effect 
on permeability. Most of the work done with carbowaxes has been with 
those having molecular weights above 1,000 (Âpplegate, 1960; Janes, 1961; 
Jarvis and Jarvis, 1963; Lagerwerff and Eagle, 1961; Lagerwerff et al., 
1961; MbClendon, 1954; McGlendon and Blinks, 1952; Mitchell and Hamner, 
1944; Withrow and Howlett, 1946; and Woolley, 1963). The idea that these 
high molecular weight substances would not be absorbed by the plant was 
disproved when Lagerwerff et al. (1961) found that even Carbowax 20,000 
(average molecular weight of 20,000) was taken up by the plant. 
Metabolism of the osmoticum 
As shown above, most of the common osmoticums are absorbed by plants 
to some extent. It is important, therefore, to consider also their inert­
ness to metabolism by the plant and any phytotoxicity which they might 
exhibit. The sugars, glucose and sucrose, are of course metabolized by 
the plant, and most of the salts seem to show specific ion effects or 
toxicities when they are used in high concentrations (Jarvis and Jarvis, 
1963; Lagerwerff and Eagle, 1961; Uhvits, 1946; and Wiggans and Gardner, 
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1959) . 
Mannitol and the carbowaxes on the other hand do not seem to be 
acted upon by the metabolic processes of the plant even though they are 
taken up. They remain in the plant apparently as inert substances or are 
exuded from the leaf surfaces (Groenewegan and Mills, 1960; Lagerwerff 
et al., 1961; and Wallace et al., 1962). There have been conflicting 
reports as to the toxicity of the carbowaxes. Withrow and Howlett (1946) 
reported that Carbowax 1500 and Carbowax 4000 were toxic to several plant 
species at concentrations of more than 1 percent. Jackson (1962) found 
that Carbowax 600, Carbowax 1000 and Carbowax 1540 were not good media in 
which to study effects of osmotic pressures on root hair growth, although 
they were comparable to mannitol for multicellular systems. Janes (1961) 
found that carbowaxes with average molecular weights above 6000 caused 
root damage, while those with lower molecular weights did not. Lagerwerff 
et al., (1961), and Lagerwerff and Eagle (1961) found that Carbowax 20,000 
contained sufficient quantities of aluminum and magnesium to have toxic 
effects, but when these materials were removed by dialysis they experienced 
no further trouble. Also, several other authors have reported good success 
with the carbowaxes (Applegate, 1960; Jarvis and Jarvis, 1963; and Woolley, 
1963). 
Solubility 
A final consideration when choosing an osmoticum is its solubility 
(Lagerwerff et al., 1961). A good osmoticum should be soluble or miscible 
enough to allow the preparation of solutions which exhibit an osmotic 
pressure of at least 15 atmospheres, so that moisture relations of plants 
10 
near the wilting point can be studied as well as those at lower tensions. 
The solubility of glucose, sucrose, mannitol, NaCl, CaCl2, and KNO3 are 
known to be sufficient for this purpose. The solubility of the carbo-
waxes ranges from 60 percent by weight to complete solubility or 
miscibility for all molecular weights from 200 to 20,000 (Union Carbide 
Chemical Company, 1958) . 
Plant-Environmental Interactions 
I 
It is obvious that the presence or absence of an osmoticum is only 
one factor of the plant's environment. Hagan et al. (1959) stated that 
plant behavior with respect to moisture cannot be explained in terms of 
either soil or atmospheric conditions alone, since the internal plant 
water balance is an integration of all factors affecting plant-water 
relations. Two excellent reviews of the relationships of soil and atmos­
pheric environmental factors to plant water deficits were presented by 
Russell (1959) and Vaadia et al. (1961). They point out that atmospheric 
factors such as temperature, vapor pressure, and wind, affect water loss 
through the process of evaporation. Other factors such as light intensity 
and water supply also affect water loss, but largely through the physio­
logical processes connected with stomatal adjustment and resistances. 
Briggs and Shantz (1914) and Letey and Peters (1957) also, reported that 
the effects of soil moisture supply can be greatly modified by the atmos­
pheric condition affecting the rate of transpiration. Vaadia et al. (1961) 
stated that "when the transpiration rate is low or when the soil moisture 
potential is high, the effect of soil moisture variations upon water 
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deficits can be expected to be slight, since soil moisture is not the 
factor limiting transpiration." They stated further that when soil 
moisture is limiting, the intrinsically slow rate of moisture flow in 
unsaturated soils will govern the rate of water absorption, irrespective 
of transpirational pull on the plant water columns. Slatyer (1960) 
observed that of all factors affecting absorption, low soil water 
potential appeared to be the most potent. 
That the soil itself can have a great effect on moisture movement has 
been shown by Peters (1957) and Sykes (1964). Peters (1957) grew corn 
seedlings in soils of different textures that had been brought to definite 
soil-moisture tension values. At the same moisture tension, plants grew 
better on the fine textured soils than on the coarse soils. He concluded 
that soil moisture content was an important factor as well as soil moisture 
tension. Gingrich and Russell (1957) reported that growth of corn was 
better in solutions than in soil, even though they had the same moisture 
tensions. They concluded that the water transmission characteristics of 
the unsaturated soil, factors not involved in the osmotic solutions, were 
responsible for the differences in growth. Another experiment in which 
both osmotic solutions and soil samples were used to induce moisture 
stress was reported by Danielson and Russell (1957). They found that while 
osmotic pressures of the solution appeared to have no direct influence on 
the absorption of nutrients (Rubidium, Rb®^), slower water movement in 
the soil resulted in slower absorption by plant roots. 
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MATERIALS AND METHODS 
Freezing point determinations were used to prepare standard curves 
for each osmoticum. Pressure in atmospheres was shown on the ordinate 
and grams of solute per kilogram of water on the abscissa. 
Each of the following materials was used to prepare 15-atmosphere 
stock solutions: glucose, sucrose, mannitol, Carbowax 200, Carbowax 400, 
NaCl, CaCl2, and a 9-1 mixture of NaCl and GaCl2 respectively. The stock 
solutions of glucose, sucrose, mannitol, and the two carbowaxes were pre­
pared according to the following formula; 
g = , where 
RT 
g = grams of solute 
P = osmotic pressure in atmospheres 
V = volume in liters 
m = molecular weight 
R = gas constant 
T = absolute temperature 
The solutions of NaCl and CaCl2 were prepared by using the same formula 
and then dividing the grams of solute by 2 for NaCl, and by 3 for CaCl2. 
These divisors were used as first estimates of the Van't Hoff factors. 
These 15-atmosphere stock solutions were used, or diluted, to provide 
solutions having osmotic pressures of approximately 12.5, 10, 7.5, 5 
and 2.5 atmospheres. 
In making the freezing point determinations a Beckmann thermometer 
was used which had a 0° to 5°G scale calibrated in l/lOO degrees. The 
equipment was set up as outlined by Loomis and Shull (1937). The temper­
ature of the ice bath was kept between -10 and -14°C by regulating the 
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amount of ice, salt, and water in the container. Three freezing point 
determinations were run on each of two samples at each of the six concen­
trations. This procedure was followed for each of the eight solutions. 
The observed freezing point depression was taken to be the numerical 
average of the six determinations. 
The following formula was used to calculate the true freezing point 
depressions: 
A = Ô - ^  ; where 
80 
A = true depression 
Ô = observed depression 
H = undercooling (Loomis and Shull, 1937) 
Difficulty was experienced in making the determinations on the 
electrolytes. At osmotic pressures above 7.5 atmospheres, undercooling 
exceeded the range of the thermometer scale and was impossible to record. 
This difficulty was overcome by using two stop watches. One timed the 
rate of descent of the mercury for the last degree on the scale, and the 
second recorded the time the mercury was off the scale. These data were 
used to calculate the undercooling. 
The actual osmotic pressures of the solutions were calculated from 
the freezing point depression data. Since the initial weight of the 
solute and the dilution were known, it was possible to calculate the 
number of grams of solute per kilogram of water that was associated with 
a given osmotic pressure. This information was then used to prepare 
standard curves. Where actual osmotic pressures were not sufficiently 
high, they were extrapolated to 20 atmospheres. 
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Experiment No. 1 
Germination tests were run with W. Atlee Burpee Company's "Sparkler" 
radish seed. One hundred seeds were placed on indented germination 
blotters in 100 x 15 mm covered, disposable, plastic petri dishes. Seven 
ml of solution were then pipetted into each dish. Each solution was 
tested at concentrations of solute that produced 2.5, 5, 7.5, 10, 12.5, 
15, 17.5 and 20 atmospheres tension. Each treatment, and its associated 
water check, was replicated four times. The petri dishes were placed on 
racks in a germinator at a temperature of 72 + 2°F, and a relative humid- .J 
ity of 100%. Germination counts were made at 24, 48, 96 and 144 hours. 
The criterion for germination was simply that either radicle or plumule 
extruded from the seed coat. Seeds that swelled and split but had no 
projections were not counted as germinated seeds. No attempt was made to 
determine if germinated seeds were "normal". 
To measure growth in each of the solutions at the various moisture 
tensions, three petri dishes were prepared as described above, but with 
only 20 seeds in each. At 48, 96 and 144 hours, respectively, one of these 
petri dishes was removed and measurements were made of the radicle lengths. 
Experiment No. 2 
Growth of soybean axes, as measured by fresh weight, was determined 
for each solution at selected moisture tensions from zero to twenty atmos­
pheres. Hawkeye soybeans (1963 crop) were screened to obtain beans of 
approximately the same size. These beans were then dusted with "Captan" 
fungicide, rolled loosely in paper towels which were moistened with 
15 
distilled water, and placed in the germinator at 72 + 2°F. After germina­
tion, the beans were allowed to grow four days so that necessary growth 
factors associated with the cotyledons would not limit growth subsequent 
to their removal.^ The cotyledons were then removed and the plant axes 
blotted dry with slightly moistened paper towels. These axes were weighed 
in groups of five and placed on blotters moistened with 7 ml of the 
various solutions. The plant axes were then placed in the germinator 
and allowed to grow. After 48, 72 and 96 hours they were removed from 
the petri dishes, blotted dry, re-weighed and returned. Each solution 
was tested at 2.5, 5, 7.5, 10, 12.5, 15, 17.5 and 20 atmospheres. Each 
treatment and its associated check was replicated four times. 
Experiment No. 3 
An experiment was conducted to determine if the various solutions 
were imbibed at different rates. Increase in seed weight with time was 
used as a measure of the rate of imbibition from the various solutions. 
Each of the following materials: Carbowax 200, Carbowax 400, glucose, 
sucrose, mannitol, NaCl2, and a NaCl-CaCl2 mixture, was used to prepare 
solutions with osmotic tensions of 2.5, 5, 7.5, 10, 12.5, 15, 17.5, and 
20 atmospheres. 
Hawkeye soybeans (1963 crop) were screened to obtain beans of approxi­
mately the same size. Five of these beans were then weighed on an 
analytical balance and their combined weight recorded as "initial weight." 
^A suggestion made by Dr. I. C. Anderson, Agronomy Department, Iowa 
State University, Ames, Iowa. 
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These groups of five seeds were then placed in covered plastic petri 
dishes on blotters which were moistened with 7 ml of one of the solutions. 
The petri dishes containing the seeds were then placed inside a germinator 
and maintained at a temperature of 72 + 2°F. After 12, 24, 48, and 96 
hours the seed was removed from the germinator, blotted dry with moistened 
paper towels and reweighed. Treatments consisted of each solution being 
tested at each concentration. Each treatment and its associated check 
was replicated four times. 
Experiment No. 4 
For a comparison with the germination studies made in the various 
solutions, germination of "Sparkler" radish seed was tested in two differ­
ent soils. A Clarion loam soil from a cultivated field on the Botany 
plots located south of Ames, Iowa, and a Mumford silty clay loam from a 
cultivated field on the College of Southern Utah State Well Farm, near 
Cedar City, Utah were used. Both soils were portions of sançles collected 
by Sykes (1964) for a study of soil moisture availability. 
Desiccators were used as germination chambers in which the relative 
humidity was controlled by aqueous sulfuric acid solutions (Stevens, 1916). 
The equipment was similar to that reported by Bibbey (1946). Soils were 
crushed to pass through a 1.3 mm screen, then attempts were made to 
germinate radish seed in these soils at moisture tensions of 5, 8, 12, 
15, 17, 18, 20 and 25 atmospheres. 
The soil moisture was brought to tensions of 5 to 17 atmospheres 
inclusive by the use of a pressure-membrane extractor with a cellulose 
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membrane (Visking). Tensions above 17 atmospheres were obtained by mixing 
two soils of known moisture content to obtain the moisture associated with 
the desired tension, as reported by Sykes (1964). Varying amounts of 
water were added to different soil samples. The moisture contents of 
these samples were then determined by the oven dry method. One sample 
was selected with a moisture content less than the lowest required per­
centage, and another was selected with a moisture content greater than 
the highest required percentage. The proportions of each of these two 
soils needed to yield a particular third moisture percentage were calcu­
lated by the use of simultaneous equations. The calculated quantities of 
the two soils were thoroughly mixed and sealed in glass bottles. Six 
days were allowed for the moistures to come to equilibrium. 
Portions of the different soils were packed firmly, to a 3/4-inch 
depth, in three-inch crystallization dishes. Twenty-five radish seeds 
were spread on these soils and covered by an additional l/4-inch of 
closely packed soil. Some seeds in each dish were placed against the 
glass sides so they would be visible without disturbing the soil or seed. 
The crystallization dishes were then placed in desiccators in which 
the relative humidity was in free energy equilibrium with the soil 
moisture at that particular tension. The value for this humidity was cal­
culated from the following equation, solved for rh. 
pF = 6.5 + log (2-log rh), 
where pF = log capillary tension, cm of water 
rh = relative humidity, % (Baver, 1948) 
The capillary tension of water was calculated as follows: cm H2O = 
atmospheres tension of soil moisture x 1033.3 cm H2O/atmosphere. The 
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atmospheres, pF values, and percent relative humidities used are given in 
Table 1. The desiccators were sealed and kept at a temperature of 72 + 
2°F. Observations were made daily on germination and emergence. 
Table 1. Atmospheres tension, capillary tensions, pF values and their 
associated relative humidities 
Capillary tension. 
Atm cm of water pF Relative humidity, 7» 
5 5166.5 3.713 99.53 
8 8266.4 3.917 99.40 
12 12399.6 4.093 99.10 
15 15499.5 4.190 98.88 
17 18082.7 4.257 98.64 
20 20666.0 4.302 98.55 
25 25832.5 4.412 98.12 
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RESULTS 
The results from the freezing point determinations were used to cal­
culate the grams of solute per kilogram of water required to yield various 
pressures (Table 2). These data are also exhibited graphically in Figures 
1 through 8. Table 3 shows the molality of the solutions at various 
pressures. The relation between atmospheres pressure and grams of solute 
per kilogram of water appeared to be linear for NaCl, CaCl2 and the 
NaCl-CaCl2 mixture (Figures 6, 7, and 8). At higher concentrations of 
these solutes, one might expect a decreasing rate as increased concentra­
tion caused a decrease in ionization. Carbowax 200, Carbowax 400, glucose, 
sucrose, and mannitol produced data which showed an increasing rate of 
change of osmotic pressure with increased concentration of solute (Figures 
1-5). This is in accordance with expectations for non-ionic solutes. 
Experiment No. 1 
The results of the radish seed germination experiment are reported 
in Tables 4 through 11. These data were obtained by germinating radish 
seed on blotters moistened with varying concentrations of solution and 
held in closed, plastic petri dishes. The petri dishes were then placed 
in a germinator which was maintained at 72 + 2°F and a relative humidity 
of 100%. Germination counts were made after 24, 48, 96, and 144 hours. 
The higher osmotic concentrations resulted in a slower rate of germination 
as well as a lower total germination percentage (Tables 9, 10, and 11). 
These data clearly show that time is an important factor in germination 
of radish seed under these experimental conditions. This result is in 
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Table 2. Grams of solute per kilogram of water for various osmotic 
pressures 
Solute 20 17.5 
Atmospheres 
15 12.5 
; pressure 
10 7.5 5 2.5 
Carbowax 400 167.80 158.25 145.20 128.25 109.51 89.10 65.51 36.50 
Carbowax 200 116.55 106.70 93.48 78.33 65.25 47.90 31.48 15.75 
Mannitoi 116.78 109.41 98.50 84.15 67.68 50.68 33.85 16.93 
Glucose 116.58 109.30 98.62 84.62 68.79 52.50 35.68 18.75 
Sucrose 197.70 183.68 164.50 141.00 116.62 90.18 61.35 30.06 
NaCl 21.30 19.25 16.67 13.20 10.63 8.33 5.35 2.70 
CaCl^ 29.40 25.75 22.10 18.45 14.77 11.16 7.38 3.70 
NaCl-CaCl2 
mixture 
NaCl 
CaClg 
19.95 
2.80 
17.44 
2.45 
14.96 
2.11 
12.50 
1.76 
10.01 
1.41 
7.52 
1.05 
5.02 
0.70 
2.52 
0.35 
Table 3. Molality of solutions at various pressures 
Solutions 20 17.5 
Atmospheres 
15 12.5 
pressure 
10 7.5 5 2.5 
Carbowax 400 .4195 .3957 .3630 .3206 .2737 .2227 .1627 .0912 
Carbowax 200 .5827 .5335 .4674 .3916 .3262 .2395 .1574 .0787 
Mannitoi .6410 .6005 .5407 .4619 .3715 .2782 .1858 .0927 
Glucose .6476 .6072 .5478 .4701 .3821 .2916 .1982 .1042 
Sucrose .5775 .5366 .4805 .4119 .3406 .2634 .1792 .0895 
NaCl .3644 .3293 .2852 .2258 .1818 .1425 .0916 .0462 
CaCl2 .2648 .2319 .1990 .1662 .1330 .1046 .0664 .0333 
NaCl-CaClg 
mixture 
NaCl .3413 .2983 .2560 .2139 .1713 .1287 .0860 .0431 
CaCl^ .0252 .0220 .0190 .0158 .0126 .0095 .0063 .0031 
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Table 4. Germination of radish seed after 24, 48, 96, and 144 hours in 
eight solutions at a moisture tension of 2.5 atmospheres 
(numbers shown are averages of four replications and are 
reported as a percent of the control) 
Solution 24 hrs. 48 hrs. 96 hrs. 144 hrs. 
Carbowax 400 96.04 102.31 102.04 101.78 
Carbowax 200 100.79 102.05 101.53 101.27 
Mannitoi 101.00 102.31 101.78 101.52 
Sucrose 97.88 101.53 101.27 101.01 
Glucose 97.09 102.31 101.53 101.27 
NaCl 99.47 101.53 101.53 101.27 
GaCl2 96.56 102.82 102.04 101.78 
NaCl - CaCl2 mixture 100.79 102.05 101.53 101.27 
Table 5. Germination of radish seed after 24, 48, 96, and 144 hours in 
eight solutions at a moisture tension of 5 atmospheres 
(numbers shown are averages of four replications and are 
reported as a percent of the control) 
Solution 24 hrs. 48 hrs. 96 hrs. 144 hrs. 
Carbowax 400 72 .48 98 .73 99 .74 100 .00 
Carbowax 200 85 .71 98 .73 98 ,98 99 .74 
Mannitol 88 .35 99 .74 99 .49 100 .00 
Sucrose 84 .65 99 .49 99 .24 99 .24 
Glucose 87 .03 99 .24 99 .24 99 .24 
NaCl 93 .12 100 .75 100 .50 100 .75 
CaCl2 78 .57 98 .73 100 .50 100 .50 
NaCl - CaCl2 mixture 93 .12 99 .74 99, .74 100 .00 
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Table 6. Germination of radish seed after 24, 48, 96, and 144 hours 
in eight solutions at a moisture tension of 7.5 atmospheres 
(numbers shown are averages of four replications and are 
reported as a percent of the control) 
Solution 24 hrs. 48 hrs. 96 hrs. 144 hrs. 
Carbowax 400 52 .42 99 .24 100 .25 100 .75 
Carbowax 200 87 .98 100 .75 101 .01 101 .01 
Mannitol 68 .14 100 .25 100 .75 101 .01 
Sucrose 61 .87 99 .24 100 .25 100 .25 
Glucose 68 .40 99, .74 101 .01 101 .01 
NaCl 75 .45 100, .25 101 .01 101 .01 
CaCl2 64 .75 98. 98 99 .25 100 .50 
NaCl - CaCl2 mixture 75 .97 99. 49 100 .00 100 .25 
Table 7. Germination of radish seed after 24, 48, 96, and 144 hours 
in eight solutions at a moisture tension of 10 atmospheres 
(numbers shown are averages of four replications and are 
reported as a percent of the control 
Solution 24 hrs. 48 hrs. 96 hrs. 144 hrs. 
Carbowax 400 4.07 65.47 99.49 99.74 
Carbowax 200 7.26 94.62 98.98 98.98 
Mannitol 11.62 96.67 99.24 98.99 
Sucrose 6.10 86.18 97.97 98.23 
Glucose 5.81 75.90 98.73 98.74 
NaCl 11.91 95.39 100.00 100.00 
CaCl2 9.01 87.21 100.50 100.25 
NaCl - CaCl2 mixture 6.68 90.53 99.74 99.24 
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Table 8. Germination of radish seed after 24, 48, 96, and 144 hours in 
eight solutions at a moisture tension of 12.5 atmospheres 
(numbers shown are averages of four replications and are 
reported as a percent of the control) 
Solution 24 hrs. 48 hrs. 96 hrs. 144 hrs. 
Carbowax 400 8.7 82.94 97.20 98.23 
Carbowax 200 19.89 91.47 98.47 97.97 
Mannitol 38.72 98.96 99.74 99.49 
Sucrose 12.73 87.08 95.93 95.93 
Glucose 6.63 71.57 92.13 94.69 
NaCl 20.68 89.14 96.70 96.96 
CaClg 15.38 87.33 98.22 98.23 
NaCl - CaClg mixture 11.67 79.06 97.20 97.47 
Table 9. Germination of radish seed after 24, 48, 96, and 144 hours 
in eight solutions at a moisture tension of 15 atmospheres 
(numbers shown are averages of four replications and are 
reported as a percent of the control) 
Solution 24 hrs. 48 hrs. 96 hrs. 144 hrs. 
Carbowax 400 4 .68 69 .2 93 .6 96.75 
Carbowax 200 8 .85 95 .93 99 .49 99.49 
Mannitol 16 .92 92 .13 99 .49 99.49 
Sucrose 4 .42 62 .13 92 .89 94.67 
Glucose 4 .68 61 .67 85 .27 10.55 
NaCl 5 .21 64 .97 91 .11 93.40 
CaCl^ 4 .16 56 .59 94 .11 96.44 
NaCl - CaCl2 mixture 5 .46 64 ,97 95 .68 97.71 
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Table 10. Germination of radish seed after 24, 48, 96, and 144 hours 
in eight solutions at a moisture tension of 17.5 atmospheres 
(numbers shown are averages of four replications and are 
reported as a percent of the control) 
Solution 24 hrs 48 hrs. 96 hrs. 144 hrs. 
Carbowax 400 1.29 36.89 90.8 94.91 
Carbowax 200 2.58 67.68 97.45 98.21 
Mannitol 4.13 94.91 98.98 99.49 
Sucrose 2.06 38.67 81.67 85.49 
Glucose 1.80 39.44 84.98 88.04 
NaCl 1.29 29.26 84.73 92.11 
CaCl2 1.29 28.75 76.59 87.02 
NaCl - CaCl2 mixture 1.03 33.84 84.20 90.33 
Table 11. Germination of radish seed after 24, 48, 96, and 144 hours 
in eight solutions at a moisture tension of 20 atmospheres 
(numbers shown are averages of four replications and are 
reported as a percent of the control) 
Solution 24 hrs. 48 hrs. 96 hrs. 144 hrs. 
Carbowax 400 0 12.84 56.17 67.25 
Carbowax 200 0 27.95 88.91 88.91 
Mannitol 0.25 76.07 96.72 97.22 
Sucrose 0 19.14 67.50 73.80 
Glucose 0 2.77 70.52 11.58* 
NaCl 0 5.03 51.63 69.26 
CaClg 0 4.53 50.88 69.26 
NaCl - CaCl2 mixture 0 4.03 54.65 66.75 
^Badly attacked by mold. 
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accord with those Ayers and Hayward (1949), but differs from the findings 
of Knipe (1960). 
Differences which appeared before 144 hours cannot be attributed 
directly to treatments, since final counts should not be made to determine 
radish germination until 144 hours (Association of Official Seed Analysts, 
1960). However, the counts after 24, 48 and 96 hours were useful in 
indicating the slower rate of germination at higher osmotic tensions 
(Tables 9, 10, and 11). 
Tables 12 through 17 show analyses of variance at 144 hours for all 
tensions. At tensions below 15 atmospheres, statistical differences are 
not significant at either the .01 or .05 level of probability (Tables 12, 
13, and 14). At tensions of 15, 17.5, and 20 atmospheres however, differ­
ences are significant at the .01 level of probability (Tables 15, 16 and 
17). This indicated that, of those tested, one osmoticum would be as good 
as any other for germination purposes at the lower moisture tensions. At 
higher tensions it is likely that specific ion effects of the salts were 
intensified by increased concentration to the point that an osmoticum 
which does not cause specific ion effects would have a significant 
I 
advantage. Sucrose and glucose at higher concentrations were too readily 
attacked by fungi to be of value in long term experiments. Mannitol and 
Carbowax 200 gave consistently higher rates of germination at tensions 
greater than 15 atmospheres, and these differences were intensified as 
moisture tension was increased. 
Root hair development, while appearing normal in all other solutions, 
was severely retarded in the mannitol solution at tensions of 5 and 7.5 
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Table 12. Analysis of variance of radish seed germination at 2.5 
atmospheres and 144 hours 
Degrees of Sums of Mean 
Source of variation freedom squares square F 
Replications 3 0.5 
Treatments 8 9.5 1.18 1.68 
Error 24 16.8 .7 
Table 13. Analysis of variance of radish seed germination at 7.5 
atmospheres and 144 hours 
Degrees of Sums of Mean 
Source of variation freedom squares square F 
Replications 3 1.3 .4 
Treatments 8 3.8 .47 0.468 
Error 24 24.2 1.00 
Table 14. Analysis of variance of radish seed germination at 12.5 
atmospheres and 144 hours 
Degrees of Sums of Mean 
Source of variation freedom squares square F 
Replications 3 .8 .26 
Treatments 8 75.4 9.42 1.18 
Error 24 191.5 7.97 
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Table 15. Analysis of variance of radish seed germination at 15 
atmospheres and 144 hours 
Source of variation 
Degrees of 
freedom 
Sums of 
squares 
Mean 
square 
Replications 
Treatments 
Error 
3 
8 
24 
7.3 
214.0 
142.7 
2.43 
26.7 
5.94 
4.49** 
**Significant at the .01 level of probability. 
Table 16. Analysis of variance of radish seed germination at 17.5 
atmospheres and 144 hours 
Degrees of Sums of Mean 
Source of variation freedom squares square 
Replications 3 15.4 5.1 
Treatments 8 951.3 118.9 29.6** 
Error ' 24 95.6 3.98 
**Significant at the .01 level of probability. 
Table 17. Analysis of variance of radish seed germination at 20 
atmospheres and 144 hours 
Degrees of Sums of Mean 
Source of variation freedom squares square F 
Replications 3 876.7 292.2 
Treatments 7 5463.5 780.5 23.9** 
Error 21 683.8 32.5 
**Significant at the .01 level of probability. 
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atmospheres (Figures 9, 10, and 11). This effect was surprising since 
mannitol has been used extensively for studies of this kind. At tensions 
above 7.5 atmospheres root hairs were retarded in all solutions. The 
failure of Carbowax 200 and 400 to inhibit root hair growth is at vari­
ance with the results reported by Jackson (1962) with Garbowaxes 600 to 
1500. 
Measurements were made of radicle lengths after 48, 96, and 144 
hours. Observations made while taking these data, showed that if a radicle 
grew off the edge of the blotter and around the side of the petri dish it 
would elongate greatly regardless of treatment. Other radicles remaining 
on the blotter remained short but increased in diameter or developed 
numerous lateral branches. Due to these differences it was felt that 
radicle elongation measurements on so small a sample were not a good 
measure of growth and these data are not reported. Another experiment 
was run wherein increase in fresh weight was used as a measure of growth 
and these data are reported in experiment No. 2. 
Experiment No. 2 
The results of this experiment are shown in Figures 12 through 21, 
where growth is expressed as percent of initial weight at various moisture 
tensions. These data were obtained by placing five carefully weighed 
soybean axes on blotters moistened with the various solutions. The 
blotters were placed in covered plastic petri dishes which were then held 
in a germinator at 72 + 2°F and a relative humidity of 100 percent. After 
48, 72 and 96 hours, they were removed, blotted dry and reweighed. Growth 
Figure 9. Root hair development in 
distilled water control 
Figure 10. Root hair development Figure 11. Root hair development 
in Carbowax 200 at 5 in mannitol at 5 
atmospheres tension atmospheres tension 
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was recorded as a percent of the initial weight. 
In both Figures 12 and 13, no attempt was made to plot a smooth 
curve, instead the points were connected by straight lines to show the 
variation that existed between tensions. Two possible explanations for 
this variation are genetic variation within the samples and possible 
slight temperature changes within the range stated above. 
Figure 12 shows growth after 48 hours for all solutions and at all 
tensions. At 20 atmospheres tension, there was no growth of plant axes 
in any solution, in fact, all axes were plasmolized and lost weight. At 
17.5 atmospheres, plant axes in all solutions, except CaCl2> mannitol, 
and Carbowax 400, had increased in weight. These three solutes consis­
tently produced less growth at all tensions. In contrast, growth in NaCl 
and the NaCl-CaCl2 mixture was generally greater at all tensions than in 
any of the other solutions. Both NaCl and the NaCl-CaClgi mixture produced 
definite increases in fresh weight at 5 and at 7.5 atmospheres tension 
over the weight at 2.5 atmospheres, while all other solutes produced 
sharp decreases in weight in this same range. This would suggest that 
the cation Na+ was in some way more beneficial to increase in fresh 
weight at molalities of 0.0916 - 0.1425 than at 0.0462 or at 0.1818 (Table 
2). This result is in accord with Hayward and Spurr (1944), and Ordin 
(1960) . 
Figure 13 shows growth after 96 hours for all solutions and at all 
tensions except 17.5 and 20 atmospheres. At these high tensions, all 
plant axes plasmolized and by 96 hours were too soft to be handled. At 
15 atmospheres and lower tensions, growth (as measured by increase in 
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Figure 18. Growth in sucrose at 8 pressures after 48 and 96 
hours 
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Figure 19. Growth in NaCI at 8 pressures after 48 and 96 hours 
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Figure 21. Growth in NaCl-GaCl2 at 8 pressures after 48 and 96 
hours 
fresh weight) did occur. The relative position of each solution with 
respect to the amount of growth shown was changed very little from that 
reported at 48 hours. CaCl2, Carbowax 400, and mannitol showed the least 
growth, while NaCl and the NaCl-CaCl2 mixture showed the most. 
Figures 14 through 21 show these same data for each solution with 
curves for both 48 and 96 hours. In these figures the trend was indicated 
by a smooth line. At 48 hours, the curves for all solutions, except CaCl2 
and sucrose, exhibited a slower rate of increase in weight as the osmotic 
tension decreased. After 96 hours, only the curves for NaCl and the NaCl-
CaCl2 mixture maintained the same appearance, all others showed a faster 
rate of increase in fresh weight as the osmotic tension decreased. Since 
there was more total growth at lower tensions, than at higher tensions 
at 48 hours, there were consequently relatively more cells present to 
absorb water at 96 hours. They gave rise to the increased rate of growth 
at these lower tensions. 
Experiment No. 3 
The data from this experiment are reported in Tables 18 through 29, 
and in Figures 22 and 23. These data were obtained by measuring the 
increase in seed weight when the seeds were placed on blotters moistened 
with the various solutions at various moisture tensions. To eliminate the 
effect of varying seed size, the weight increase was reported as a percent 
of the initial seed weight. 
Table 18 shows the imbibition rate as a percentage of initial weight 
after 12 hours, at all tensions and for all solutions. Table 19 shows 
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Table 18. Imbibition as a percentage of initial weight after 12 hours 
(average of 4 replications) 
Atmospheres 
Solution 20 17.5 15 12.5 10 7.5 5 2.5 
Carbowax 400 129 131 140 145 153 183 173 192 
Carbowax 200 127 136 139 145 169 175 200 199 
Mannitol 140 129 147 142 130 159 188 205 
Glucose 133 128 146 156 161 174 202 213 
Sucrose 122 126 145 147 159 145 183 194 
NaCl 144 134 159 161 189 188 212 213 
CaCl2 134 144 157 169 199 183 223 215 
Mixture 148 132 151 163 188 189 218 207 
Table 19. Imbibition as a percentage of initial weight after 48 hours 
(average of 4 replications) 
Atmospheres 
Solutions 20 17.5 15 12.5 10 7.5 5 2.5 
Carbowax 400 168 176 182 189 194 216 215 224 
Carbowax 200 178 175 178 196 203 208 233 223 
Mannitol 187 175 189 183 202 194 218 233 
Glucose 175 170 189 210 193 206 235 240 
Sucrose 166 166 180 186 192 190 220 229 
NaCl 190 179 198 206 209 215 245 239 
CaCl2 173 189 195 212 219 208 244 244 
Mixture 193 180 197 205 211 219 243 242 
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Table 20. Solutions ranked in descending order of imbibition after 12 
hours at four tensions 
2.3 atm 7.5 atm 12.5 atm 17.5 atm 
CaCl2 Mixture CaCl2 CaCl2 
Mixture NaCl Misture Carbowax 200 
NaCl CaCl2 NaCl NaCl 
Glucose Carbowax 400 Glucose Mixture 
Carbowax 200 Carbowax 200 Sucrose Carbowax 400 
Mannitol Glucose Carbowax 200 Mannitol 
Sucrose Mannitol Carbowax 400 Glucose 
Carbowax 400 Sucrose Mannitol Sucrose 
Table 21. Solutions ranked in descending order of imbibition after 48 
hours at four tensions 
2.5 atm 7.5 atm 12.5 atm 17.5 atm 
CaClg Mixture CaCl2 CaCl2 
Mixture ; Carbowax 400 Glucose Mixture 
Glucose NaCl NaCl NaCl 
NaCl CaCl2 Mixture Carbowax 400 
Mannitol Carbowax 200 Carbowax 200 Carbowax 200 
Sucrose Glucose ; Carbowax 400 Mannitol 
Carbowax 400 Mannitol Sucrose Glucose 
Carbowax 200 Sucrose Mannitol Sucrose 
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Table 22. Analysis of variance of imbibition at 2.5 atmospheres and 
12 hours 
Degrees of Sums of Mean 
Source of variation freedom squares square 
Replications 3 794 264.6 
Treatments 8 2817 352.1 2.70* 
Error 24 3126 130.2 
*Significant at the .05 level of probability. 
Table 23. Analysis of variance of imbibition at 7.5 atmospheres and 
12 hours 
Degrees of Sum of Mean 
Source of variation freedom squares square 
Replications 3 320.0 106.6 
Treatments 8 11560.0 1445.0 11.07** 
Error 24 3132.0 130.5 
**Significant at the .01 level of probability. 
Table 24. Analysis of variance of imbibition at 12.5 atmospheres and 
12 hours 
Degrees of Sum of Mean 
Source of variation freedom squares square 
Replications 3 206.9 68.90 
Treatments 8 5570.4 696.39 6.93** 
Error 24 2602.8 108.46 
**Significant at the .01 level of probability. 
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Table 25. Analysis of variance of imbibition at 17.5 atmospheres and 
12 hours 
Degrees of Sum of Mean 
Source of variation freedom squares square 
Replications 3 203.9 67.97 
Treatments 8 2660.5 332.56 4.39** 
Error 24 1816.4 75.68 
**Significant at the .01 level of probability. 
Table 26. Analysis of variance of imbibition at 2.5 atmospheres and 48 
hours 
Degrees of Sums of Mean 
Source of variation freedom squares square 
Replications 3 221 73.67 
Treatments 8 2135.5 266.93 4.33** 
Error 24 1479.5 61.64 
**Significant at the .01 level of probability. 
Table 27. Analysis of variance of Imbibition at 7.5 atmospheres and 48 
hours 
Degrees of Sums of Mean 
Source of variation freedom squares square 
Replications 3 348.4 116.1 
Treatments 8 9082.1 1135.3 7.89** 
Error 24 3451.9 143.8 
**Significant at the .01 level of probability. 
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Table 28. Analysis of variance of imbibition at 12.5 atmospheres and 48 
hours 
Degrees of Sums of Mean 
Source of variation freedom squares square F 
Replications 3 252.4 84.1 
Treatments 8 4608.1 576.1 6.22** 
Error 24 2223.9 92.6 
**Significant at the .01 level of probability. 
Table 29. Analysis of variance of imbibition at 17.5 atmospheres and 48 
hours 
Degrees of Sums of Mean 
Source of variation freedom squares square F 
Replications 3 182 60.6 
Treatments 8 4728 591.0 5.95** 
Error 24 2384 99.3 
**Significant at the .01 level of probability. 
this same information after 48 hours. As was expected, the rate of 
imbibition decreased as the osmotic concentration increased. Since it 
appeared that there were differences in the rate at which the various 
solutions were imbibed by the seed, analyses of variance were run for 
2.5, 7.5, 12.5 and 17.5 atmospheres tension after both 12 and 48 hours 
(Tables 22 through 29). These analyses indicate that the observed differ­
ences were significant at the 0.01 level of probability except for 2.5 
atmospheres after 12 hours. This analysis showed significance at the 
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0.05 level of probability. Table 20 shows the eight solutions ranked in 
descending order of rate of imbibition after 12 hours for 2.5, 7.5, 12.5 
and 17.5 atmospheres tension. Table 21 shows this same information after 
48 hours. CaClg, NaCl, and the NaCl-CaCl2 mixture were consistently 
ranked among the top four and in half of the tests were the top three. 
Mannitol and sucrose ranked consistently near the bottom, while glucose 
and the two carbowaxes were intermediate. Figure 22 shows these relation­
ships graphically after 12 hours and Figure 23 after 48 hours. These 
figures indicate that imbibition decreased essentially linearly with 
increased osmotic concentration of any of the substances tested. 
Experiment No. 4 
The results of this experiment are reported in Table 30. These data 
were obtained by germinating radish seed in two soils (Clarion and Mumford) 
at different moisture tensions. The soil moisture tensions tested were 
5, 8, 12, 15, 17, 20 and 25 atmospheres. Tensions of 5 atmospheres 
through 17 atmospheres were obtained by the use of a pressure membrane 
apparatus. Twenty atmospheres and 25 atmospheres were obtained by mixing 
soils whose moisture' content had been determined by the oven dry method. 
Table 30 shows the number of seedlings, out of a possible 25, which 
emerged from each of the two soils at various moisture tensions. 
At 5 atmospheres tension, germination, as observed through the 
glass side of the crystallization dish, took place within 24 hours after 
planting. Emergence of the first seedlings occurred the second day after 
planting. At this relatively high level of moisture, emergence was 
Table 30. Number of radish seedlings, out of 25, emerging from each of two soils at various moisture 
tensions (average of two replications) 
Days after planting 
Soils 1 2 3 4 5 6 7 8 9 10 24 37 44 
5 atm tension 
Clarion 0 3 9 25 
Mumford 0 1 9 25 
8 atm tension 
Clarion 0 14 19 25 
Mumford 0 9 14 22 24 
12 atm tension 
Clarion 0 0 18 22 23 24 
Mumford 0 0 2 16 21 24 
15 atm tension 
Clarion 0 0 1 21 23 24 
Mumford 0 0 0 3 10 17 20 23 23 25 
17 atm tension 
Clarion 0 0 0 1 4 7 19 22 22 25 
Mumford 0 0 0 0 0 _ *  _* _* _* 25 
20 atm tension 
Clarion 0 0 0 0 0 0 0 0 0 0 0 0 0 
Mumford 0 0 0 0 0 0 0 0 0 0 0 0 0 
25 atm tension 
Clarion 0 0 0 0 0 0 0 0 0 0 0 0 0 
Mumford 0 0 0 0 0 0 0 0 0 0 0 0 0 
*Germinated but not emerged. 
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slightly more rapid in the Clarion soil than in the Mumford. After 4 
days, all seeds in both soils had emerged. At 8 atmospheres tension, 
germination was again visible on the first day after planting and emergence 
of the first seedlings took place on the second day. By the fourth day, 
emergence in the Clarion soil was 100 percent. Emergence from the Mamford 
soil was slower and maximum emergence (24 out of 25 seeds) did not occur 
until the fifth day after planting. At this moisture level (8 atmospheres) 
it became obvious from the cracking and heaving of the soil surface that 
the pressure used to insure good seed-soil contact had caused a crusting 
of the top l/4 inch of soil. This crusting was a major cause of the slower 
emergence in the Mumford soil. At 12 atmospheres tension, germination 
was not visible until the second day, while total germination had not 
occurred until the sixth day. The surface of the Mumford soil was badly 
packed and the seedlings emerged with great difficulty. 
At 15 atmospheres tension, germination was not visible until the 
second day in the Clarion soil and not until the third day in the Mumford. 
On the 4th day, 21 seedlings had emerged from the Clarion soil whereas only 
3 had emerged from the Mumford. These 3 were close together and at the 
outer edge of the dish. It was noted that the top 1/4" of soil covering 
the seed was raised by the action of the germinating seeds. This crust 
was broken with a pencil point. On the 6th day, maximum emergence had 
occurred in the Clarion, but it was ten days before maximum emergence 
occurred in the Mumford soil. 
At 17 atmospheres tension, germination was visible on the second day 
in the Clarion soil, but growth was slower, since no seedlings emerged 
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until the 4th day. Total emergence did not occur until the 10th day. On 
the 10th day, the top l/4-inch of Mumford was observed to have been 
raised by the germinating seed to the extent that light was striking 
all seedlings, although none had emerged through this crust. The crust 
was lifted off and the seedlings counted. All seeds germinated in both 
soils by the 10th day. The emerged seedlings did not continue to grow, 
however, but remained static with hypocotyls bent. They remained in this 
position in both soils until the 37th day when it was observed that in 
addition to severe wilting, fungi were attacking some seedlings. Addi­
tional water was applied to the soil and 10 out of 25 seedlings revived 
in the Clarion soil, while 12 of the 25 revived in the Mumford soil 
(average of 2 replications). 
At 20 atmospheres tension, there was no emergence and no visible 
germination by the 44th day. At this time the soil was carefully screened 
to remove the seed. An average of the 2 replications showed 13 seeds 
from the Mumford soil, and 11 from the Clarion soil, were molded and 
soft. The remaining seeds were placed on a moistened blotter and all but 
one germinated within 24 hours. 
At 25 atmospheres tension, there was no sign of germination or 
emergence 44 days after planting. Again, the seeds were carefully 
screened from the soil. All seeds appeared to be sound and germinated 
100 percent when placed on moistened blotters in the germinator. 
Following the germination of seeds at S and at 15 atmospheres, 
samples of soil were tested for moisture content by the oven dry method. 
It was found that all samples tested showed slightly less moisture than 
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at the beginning of the experiment. These data are in accord with those 
of Bibbey (1946), who reported a similar drying. This moisture loss was 
so small, ranging from .18% to .31%, that it could easily be accounted 
for by the absorption of moisture by the seedlings. 
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DISCUSSION 
The selection of an osmoticum for controlling moisture tension in 
plant-water studies depends on several factors. Some of these factors 
are: the toxicity of the compound, the inertness of the osmoticum, the 
absorption of the osmoticum by the plant, the tension that is required, 
the length of time the experiment is to run, and the type of study to be 
made. An osmoticum which might be satisfactory for a short-term germina­
tion study could be entirely unsatisfactory for a lengthy study of plant 
growth. 
Eight common osmoticums were studied for their effects on germination 
and growth at various moisture tensions. The materials reported on in this 
study, with the possible exception of the carbowaxes, are such common 
compounds that there is no question of their low mammalian toxicity. 
Smyth et al. (1955) reported that the carbowaxes were non-toxic to man 
and, "may be considered inert when taken by mouth." The phytotoxicity 
of these materials is not so clearly understood. 
It has been reported that NaCl was highly phytotoxic (Wiggans and 
Gardner, 1959). The data reported here (Figures 12, 13, 19 and 21) 
indicate that at concentrations of solute producing 5 to 7.5 atmospheres 
tension NaCl and a 9 to 1 mixture of NaCl and CaCl2 are not phytotoxic but 
may be actually beneficial to growth. In comparison to this, CaCl2 
(Figures 12, 13 and 20) seemingly had the effect of suppressing growth. 
Since both of these salts have a common anion (chlorine), it appears that 
calcium ion has a depressing effect on increase in fresh weight, while 
sodium ion tends to increase it. This is in accord with the results of 
Hayward and Spurr (1944). Since growth in our experiments was measured 
by increase in fresh weight, which is largely the result of absorption of 
water (Thimann, 1954), and since absorption of water increases as internal 
osmotic pressure increases, it seemed possible that an unequal rate of 
absorption could account for this difference. Tables 18 through 21 
indicate that the imbibition of seeds in CaClg solutions was equal to, 
or greater than, that in NaCl solutions, suggesting that growth was 
increased by the presence of sodium ions, as compared to the calcium ion. 
This conclusion agrees with the findings of Ordin (1960), who stated that 
the absorption of salts (NaCl, KCl and KNO3) resulted in increased metab­
olism and elongation, and did not produce toxic effects except at high 
concentrations. 
Glucose and sucrose are both known, to be absorbed and metabolized by 
plants. For these reasons, and also because of their tendency to be 
attacked by microorganisms, they are not suitable osmoticums for long 
term experiments. The results of experiment No. 1 indicated that at 
concentrations below 15 atmospheres glucose and sucrose would be satis­
factory for short-term germination studies. At higher concentrations, 
fungal attacks make results erratic and limit their use. 
The literature is not in agreement regarding the phytotoxicity of the 
carbowaxes. In this study no toxicity was observed that could be attrib­
uted to these compounds. Jackson (1962) reported that the growth of 
root hairs was inhibited by the larger carbowax molecules. In experiment 
No. 1, root hair development appeared normal in all solutions except 
mannitol, where reduction of root hairs was most noticeable at 5 and at 
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7.5 atmospheres (Figures 9, 10 and 11). At higher concentrations root 
hair development was suppressed in all solutions. At 2.5 atmospheres no 
differences were observed and root hair development appeared normal in 
all treatments. 
At higher moisture tensions, mannitol and Carbowax 200 gave superior 
results in both total germination percentages and in rate of germination. 
The hypothesis, that a more rapid rate of imbibition of these solutions 
might explain their rapid germination, was tested in experiment No. 3. 
This experiment clearly demonstrated that imbibition was not the explana­
tion. The rate of imbibition was consistently slower in these solutions 
than in the salt solutions. 
Mannitol and carbowax are more slowly absorbed by plants and are 
metabolically inactive (Lagerwerff et al., 1961; Janes, 1961; Slatyer, 
1961; Thimann, 1960; and Wallace et al., 1962). For these reasons it was 
felt that the effects of mannitol and carbowax more nearly represented 
the results of moisture stress. The lower germination exhibited in the 
higher tension salt solutions was attributed to toxicities caused by 
their increased concentrations. Sucrose and glucose were badly attacked 
by mold at the higher concentrations. The variation between Carbowax 200 
and Carbowax 400 was unexpected and is not clearly understood. There is 
evidence that the size of molecule is not stable in the carbowaxes with 
higher molecular weights (Couper and Eley, 1948; and Lagerwerff et al., 
1961). If this is true it may be that the breaking of large molecules 
into smaller ones would increase the osmotic tension and result in a 
higher moisture stress than was expected. If in addition to breaking 
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apart, molecules also join together to form larger molecules, this might 
explain some of the variation noted at the higher tensions. 
For studies concerned with growth, experiment No. 2 indicated that 
Carbowax 200 and mannitol would produce consistent results (Figures 15 
and 16). The other solutions produced data that were more variable. As 
was mentioned above, NaCl and the NaCl-CaCl2 mixture gave the greatest 
growth, mannitol, CaCl2 and Carbowax 400 produced the least growth, and 
glucose, sucrose, and Carbowax 200 were intermediate. Until more is known 
about the effects of sodium ions on plant growth, it would appear that 
the choice of sodium salts as an osmoticum would be unwise, as it would 
be difficult to separate specific ion effects from moisture effects. 
CaClg and Carbowax 400 solutions produced little growth and gave erratic 
results. Sucrose and glucose present the same problems for growth studies 
that they do for germination, both being metabolic substrates for higher 
plants as well as for microorganisms. 
It was surprising that growth was so poor in mannitol, since it has 
been used extensively for studies of this kind. The fact that plants 
in mannitol solutions made little growth, coupled with the observed 
inhibition of root hairs, suggests a toxic effect rather than merely 
moisture stress. 
Plants grown in Carbowax 200 made good growth and gave more uniform 
readings than any except those in mannitol. We feel that this osmoticum 
was the best of those used in these experiments. 
Experiment No. 4 was conducted to obtain a coiq>arison of germination 
in solutions and in soils. The soils used were selected because their 
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moisture properties had been carefully determined with regard to the 
amount of water (%) in the soil at a given moisture tension (Sykes, 1964). 
Sykes found that there was considerably more moisture movement at high 
tensions ("crawl") in the Mumford soil than in the Clarion. It was 
considered that seed might germinate better at higher moisture tensions 
in this soil than in the Clarion if given enough time for this moisture 
crawl to be effective. This did not prove to be true, since germination 
occurred in approximately the same length of time at 17 atmospheres in 
both soils, and at 20 atmospheres there was no germination in either soil. 
It may be that the jump from 17 to 20 atmospheres was too great and that 
at tensions between these two values, the moisture crawl in the Mumford 
might have provided enough moisture for germination. There was some 
indication that moisture was more available in the Mbmford soil than in 
the Clarion. No seeds germinated in either soil at 20 atmospheres, but 
at the end of 44 days, 52% of the seed in the Mumford had absorbed suf­
ficient water to be attacked by fungi, while only 44% were similarly 
affected in the Clarion. At 25 atmospheres, none of the seeds in either 
soil absorbed enough moisture to mold, and at the end of 44 days they 
germinated 100% when screened out and placed on moistened blotters. 
Slower seedling emergence from the t^mford soil was attributed to the 
fact that when this soil was pressed down over the seed it packed together 
so tightly that the seedlings could not break through, or could do so 
only with difficulty. 
Radish seeds germinated at 20 atmospheres in solutions but did not 
germinate at this tension in soils. It was expected that germination 
would occur at higher tensions in solutions than in soils and this 
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result was in accord with other results (Danielson and Russell, 1957; 
Gingrich and Russell, 1957; Hunter and Erickson, 1952; Peters, 1957; and 
Vaadia et al., 1961). These authors pointed out that the slow movement 
of water in soils, a factor which is not involved in the osmotic solu­
tions, was responsible for these differences. 
While germination occurred at 20 atmospheres in the solutions, growth 
seemed to stop at approximately 17.5 atmospheres (Figures 12 and 13). At 
least at this tension soybean axes did not increase in fresh weight and 
were dead within 96 hours. In soils at 17 atmospheres, radish seedlings 
emerged but did not continue to grow. These seedlings remained for 37 
days with no visible sign of top growth and with their hypocotyls bent. 
Only in one or two instances did roots reach the bottoms of the crystal­
lization dishes, indicating that 17 atmospheres was the approximate limit 
for growth in the soils as well as in the solutions. 
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SUMMARY AND CONCLUSIONS 
Freezing point determinations were made on solutions of Carbowax 400, 
Carbowax 200, mannitol, glucose, sucrose, NaCl, CaClg and NaCl-CaClg. 
These determinations were then used to calculate the quantities of each 
solute needed to produce osmotic tensions of 2.5, 5, 7.5, 10, 12.5, 
15, 17.5 and 20 atmospheres. Using these data, standard curves were 
prepared for each of the above osmoticums showing osmotic pressure as 
a function of grams of solute per kilogram of water. At the concentrations 
used the graphs of NaCl, CaClg, and NaCl-CaClg were linear. The graphs 
of the other, non-ionic, solutes showed a greater rate of increase in 
pressure as concentrations were increased. 
Using the standard curves, solutions were prepared which had moisture 
tensions ranging from 2.5 to 20 atmospheres. These solutions were then 
used to study the effects of moisture tension on the germination of radish 
seed. It was found that at moisture tensions below 15 atmospheres there 
were no statistically significant differences between solutions (at the 
.05 level of probability). At 15, 17.5 and 20 atmospheres, germination 
was better in mannitol and Carbowax 200 and differences were statistically 
significant at the .01 level of probability. It was concluded that for 
germination studies with moisture tensions above 15 atmospheres Carbowax 
200 and mannitol were better osmoticums than any of the others tested. 
Another experiment was conducted to determine if the differences in 
germination could be explained by the rate at which the seeds imbibed the 
solutions. The results showed that the rate of imbibition was not the 
explanation, since the salt solutions were imbibed more rapidly than , 
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were either mannitol or Carbowax 200. 
Growth, as measured by increase in fresh weight, was tested in all 
solutions and at eight tensions. Weighed soybean axes were placed on 
blotters moistened with the various solutions. At intervals of 48 and 96 
hours these axes were reweighed and weight changes were recorded as a 
percentage of the initial weight. 
NaCl and NaGl-CaCl2 had a beneficial effect on growth at moisture 
tensions of 5 and 7.5 atmospheres. It was therefore concluded that they 
were not satisfactory osmoticums for studies of moisture effects in 
plant growth. The results with CaCl2 and Carbowax 400 were erratic, while 
mannitol exhibited possible toxic effects. Since glucose and sucrose 
were so readily attacked by fungi, Carbowax 200 was concluded to be the 
best osmoticum for growth studies. 
Â further experiment was conducted to compare the effects of moisture 
tensions in solutions with tensions in soils. A comparison of radish 
germination was made with two soils differing in their capillary con­
ductivity. Germination occurred at higher tensions in solutions than in 
soils, but at the moisture levels tested there was no difference in 
germination of radish in the two soils. Growth of radish stopped in soils 
at approximately the same tension as growth of soybeans in solutions. 
The results of this study showed that for germination studies, the 
choice of an osmoticum may not be too important at low moisture tensions 
and for short periods of time. However, the choice is of importance at 
higher tensions and for long term experiments. It was shown further, 
that for experiments concerned with plant growth the choice of the 
proper osmoticum was of primary importance. 
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